In wireless sensor networks, utilizing the unmanned aerial vehicle (UAV) as a mobile data collector for the sensor nodes (SNs) is an energy-efficient technique to prolong the network lifetime. In this letter, considering a general fading channel model for the SN-UAV links, we jointly optimize the SNs' wakeup schedule and UAV's trajectory to minimize the maximum energy consumption of all SNs, while ensuring that the required amount of data is collected reliably from each SN. We formulate our design as a mixed-integer non-convex optimization problem. By applying the successive convex optimization technique, an efficient iterative algorithm is proposed to find a sub-optimal solution. Numerical results show that the proposed scheme achieves significant network energy saving as compared to benchmark schemes.
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I. INTRODUCTION
W IRELESS sensor networks (WSNs) usually constitute a large number of low-cost sensor nodes (SNs) that are typically powered by limited energy sources such as battery, which are difficult to be recharged once depleted [1] . Therefore, energy-efficient sensing and communication techniques for SNs are crucial to prolong the lifetime of WSNs. There has been a growing interest recently in employing the unmanned aerial vehicle (UAV) as a mobile data collector for the ground SNs in WSN [2] . By leveraging its high mobility, UAV is capable of collecting data from the SNs energyefficiently, since it can sequentially visit the SNs and collect data from them only when it moves sufficiently close to each SN. Thus, the link distance from each active SN to the UAV is significantly reduced, which saves the transmission energy of all SNs. It has been shown that short-distance line-of-sight (LoS) communication links between UAV and ground terminals can be efficiently exploited in various UAV-enabled wireless networks for performance enhancement by properly designing the UAV's trajectory [3] - [5] .
For UAV-enabled WSNs, sleep and wake-up mechanism is another useful technique to save the energy consumption of SNs [6] . With such a mechanism, the SNs remain in the sleep state until they receive the waking up beacon signal with good strength from the nearby UAV, at which time they will wake up and start sending data to the UAV, and return to the sleep state after the transmission. There are two critical issues in designing UAV-enabled WSNs for data collection. The first one is due to the limited battery energy of SNs. The wakeup schedule of SNs should thus be appropriately designed so that each SN can complete its data transmission with minimum energy consumption. The second issue is due to the highly dynamic wireless channels between the SNs and the moving UAV, which are prone to packet loss [7] , especially for the practical case when multi-path induced channel fading is present. Thus, the trajectory of the UAV should be properly designed to ensure that each SN can transmit data with low outage probability when it is in its wake-up state. The problem of jointly designing the SNs' wake-up schedule and the UAV's trajectory for energy-efficient data collection is new and challenging, which has not been rigorously studied to our best knowledge. The deployment and mobility of multiple UAVs for Internet of Things (IoT) communications was investigated in [8] . A cyclical multiple access scheme was also proposed in [9] , for supporting delay-tolerant data transmission from ground terminals to the UAV in a periodic manner. It is worth noting that an optimization framework for energy-efficient UAV-to-ground communication via trajectory design was recently developed in [10] , but only the UAV's energy consumption was considered.
Under a general fading channel model for the SN-UAV links, this letter studies the joint optimization of SNs' wake-up schedule and UAV's trajectory to achieve reliable and energyefficient data collection in UAV-enabled WSNs. The aim is to minimize the maximum energy consumption of all SNs while ensuring that a target amount of data is collected reliably from each SN. The design is formulated as a mixed-integer non-convex optimization problem, which is difficult to be optimally solved. By applying the successive convex optimization technique, an efficient iterative algorithm is proposed to find a sub-optimal solution for our design. Numerical results show that the proposed scheme achieves significant energy savings for the SNs as compared to the benchmark schemes with static data collector or simple straight trajectory of the UAV.
II. SYSTEM MODEL AND PROBLEM FORMULATION
We consider a WSN where a UAV is employed as a mobile data collector to gather information from K SNs on the ground, which are denoted by {u k , 1 ≤ k ≤ K}. The location of u k is denoted by w k ∈ R 2×1 . Each SN u k generates sensing data of size S k bits, and the UAV is regularly dispatched to collect the sensed data for a duration of T seconds. We assume that the UAV flies at a fixed altitude of H meters and denote its maximum speed as V max in meter/second (m/s). The initial and final locations of the UAV are assumed to be pre-determined, 2162-2345 c 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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whose horizontal coordinates are denoted as q 0 , q F ∈ R 2×1 , respectively. This corresponds to practical scenarios where q 0 and q F depend on various factors such as the UAV's pre-and post-mission flying paths, which are given in different applications [4] . We assume that q F − q 0 ≤ V max T so that there exists at least one feasible trajectory for the UAV to move from q 0 to q F within T. The UAV's flying trajectory projected on the ground is denoted as
where δ t denotes the elemental slot length such that the UAV's location is considered as approximately unchanged by the ground SNs within each time slot even at the maximum speed. Therefore, the UAV's trajectory q(t) can be approximated by the sequence
We assume that the sleep and wake-up mechanism is employed, and at most one SN can be waked up to communicate with the UAV at each time slot. Denote the wake-up schedule variable as
, then u k transmits data with a constant transmission power P k and a designed transmission rate R k [m] in bits/second/Hz (bps/Hz).
We assume quasi-static block fading channels for the ground-UAV links, where the channel remains unchanged within each fading block and may change over blocks. Furthermore, the duration of each fading block is typically much smaller than δ t . As such, the number of fading blocks in each time slot, denoted as L, is much larger than 1 in practice. Under a general fading channel model, the channel coefficient between the UAV and u k at the l-th fading block of time slot m can be modelled as
is a small-scale fading coefficient and β k [m] accounts for the large-scale channel attenuation that depends only on the distance between the UAV and u k . Let d k [m] be the distance between the UAV and u k at time slot m. We thus have
where β 0 denotes the reference channel power gain at d 0 = 1m, and α ≥ 2 is the path loss exponent. If u k is in the wake-up state for communication at time slot m, then for the l-th fading block of time slot m, the achievable rate in bps/Hz is given by
where σ 2 is the noise power, > 1 is the SNR gap between the practical modulation schemes and the theoretical Gaussian signaling. The outage probability between u k and the UAV at the l-th fading block of time slot m is then given by
where F(·) denotes the identical cumulative distribution function (CDF) of |ρ k [m, l]| 2 . Note that during each time slot m, p k [m, l] is identical for different fading blocks l, and thus is denoted as p out k [m], which is a non-decreasing function with respect to R k [m] . Therefore, in order to ensure that the target amount of sensing information of each SN is collected reliably by the UAV, R k [m] should be chosen such that p out k [m] = , where denotes the maximum tolerable outage probability. As a result, the transmission rate can be expressed as
where F −1 (·) is the inverse function of F(·).
In order to ensure fairness among all SNs in terms of their energy consumption, we choose to minimize the maximum energy consumption among all SNs. Let X = {x k [m], ∀k, m} and Q = {q[m], ∀m}. Our aim is to jointly optimize the wakeup schedule X and the UAV's trajectory Q so as to minimize the maximum energy consumption of all SNs, while ensuring that the target amount of data S k in bits is collected from u k reliably (i.e., with maximum outage probability ). Define D max δ t V max in meter, E k δ t P k in Joule, and r k S k Bδ t in bps/Hz, where B denotes the channel bandwidth in Hz; then the problem is formulated as
x k [m] ∈ {0, 1}, ∀k, m,
Note that constraints (5) ensure that the energy consumption of each SN does not exceed θ , where θ is the slack variable signifying the maximum energy to be minimized, and the constraints (6) ensure that the target amount of data from each SN is collected reliably. The constraints (9) and (10) correspond to the UAV's speed and initial/final location constraints, respectively.
III. PROPOSED SOLUTION Problem (P1) is a mixed-integer non-convex problem, which is difficult to be optimally solved in general. Therefore, in this letter, we aim to obtain an efficient sub-optimal solution to (P1). To this end, we first relax the binary constraints in (8) as 0 ≤ x k [m] ≤ 1, and then solve the relaxed problem iteratively based on the block coordinate descent technique. To reconstruct the binary wake-up schedule variables, note that there are LM fading blocks in total with the time horizon T. If the solution X of the relaxed problem is not binary, we can allocate N k [m] = Lx k [m] fading blocks to SN u k in any time slot m, where x denotes the nearest integer of x. With sufficiently large L, the gap between N k [m] and Lx k [m] is practically negligible. Since the relaxed problem is not jointly convex with respect to X and Q, we adopt the block coordinate descent technique to solve X and Q alternately. First, for any given trajectory Q, the integer-relaxed wake-up schedule solution can be obtained by solving the following standard linear program (LP),
∀k, m, (11) (5), (6), (7) .
On the other hand, for any given wake-up schedule X, the UAV's trajectory is optimized to maximize the weighted minimum of the communication throughput of all SNs, where the weight is inversely proportional to r k . Specifically, the problem can be formulated as
(9), (10) .
Problem (P3) is a non-convex optimization problem due to the non-convex constraints (12). However, an efficient approximate solution can be obtained based on the successive convex optimization technique [10] , which is guaranteed to converge to at least a locally optimal solution. The main idea is to successively maximize a lower bound of (P3) at each iteration. Let Q l = {q l [m], ∀m} denote the given trajectory in the l-th iteration. Similar as [10] , by applying the first-order Taylor expansion, R k [m] in (4) can be lower-bounded as
where A k,l [m] = log 2 1 +
(16) Algorithm 1 Successive Convex Optimization for (P3) 1: Initialize the trajectory as Q 0 ; 2: l ← 0; set tolerance κ > 0; 3: repeat 4: Solve the QCQP problem (P4) for given Q l , and denote the optimal solution as Q l+1 ; 5: Q l ← Q l+1 ; l ← l + 1; 6: until The fractional increase of the objective value of (P4) is below κ.
Algorithm 2 Iterative Algorithm for Relaxed (P1) 1: Initialize the trajectory as Q 0 ; 2: r ← 0; set tolerance κ > 0; 3: repeat 4: Solve (P2) for given Q r to obtain solution X r ; 5: Solve (P3) for given {X r , Q r } with Algorithm 1, and denote the solution as Q r+1 ; 6: r ← r + 1; 7: until The fractional decrease of the objective value of (P2) is below κ.
As a result, the UAV's trajectory can be optimized by solving the following problem, (10) .
Note that η lb is a slack variable to be maximized, and it is not difficult to show that at the optimal solution to (P4), we have η lb = min k
is a concave quadratic function with respect to q[m], (P4) is a convex quadratically constrained quadratic program (QCQP), which can be solved efficiently by existing software tools such as CVX. Thus, (P3) can be solved by iteratively optimizing (P4) with the local point Q l updated in each iteration, which is summarized in Algorithm 1.
Similar as in [10] , the resulting objective values of (P4) in Algorithm 1 are non-decreasing over the iterations. Thus, Algorithm 1 is guaranteed to converge. The overall algorithm for the integer-relaxed problem (P1) is obtained by optimizing the wake-up schedule X and trajectory Q alternately via solving problem (P2) and (P3) respectively, in an iterative manner, which is summarized in Algorithm 2.
It can be shown that after step 4 of Algorithm 2, the constraints in (6) are all satisfied with equality. Furthermore, constraints (6) can be relaxed after step 5 due to the maximization of the weighted minimum throughput in (P3), which leaves more optimization space for decreasing θ in (P2). Therefore, with Algorithm 2, the resulting cost values of (P2) are non-increasing over the iterations. Furthermore, since the objective value of (P2) is lower-bounded by a finite value, Algorithm 2 is guaranteed to converge. 
IV. NUMERICAL RESULTS
In this section, numerical results are provided to verify our proposed design. We consider the practical Rician fading channels with Rician factor K c , and the CDF function F(·) of |ρ k [m, l]| 2 can be expressed as a, b) is the Marcum-Q function [11] . We consider a system with K = 4 SNs, which are randomly located within an area of size 1.6 × 1.6 km 2 . The results obtained are based on one random realization of the SN locations as shown in Fig. 1(a) . The UAV's initial and final locations are respectively set as q 0 = [−800, 0] T and q F = [800, 0] T in meter. Furthermore, we set H = 100m, V max = 50m/s, δ t = 0.5s, B = 1MHz, β 0 = −60dB, σ 2 = −110dBm, = 7dB, K c = 10, and α = 2. The SN's transmission power is set to be P k = 0.1W, ∀k.
For benchmark comparison, we consider the simple straight flight, where the UAV flies in a straight line from q 0 to q F with constant speed q F −q 0 T . This straight flight is also used as the initial trajectory in Algorithm 2. The optimized trajectories under different T are shown in Fig. 1(a) with S k = 10Mbits and = 10 −2 . It is observed that as T increases, the UAV adjusts its trajectory to move closer to the SNs. The wake-up schedule of SNs is also shown in Fig. 1(b) for the case of T = 50s, where it is observed that the SNs remain in sleep states for most of the time and are only waked up when the UAV is moving sufficiently close to them.
In Fig. 2 , we compare the min-max energy consumption of our optimized trajectory with that of straight flight and the static collecting scheme, where the data collector is deployed at the geometric center of all SNs. It is observed that our proposed design outperforms the two benchmark schemes, and the performance gain is more pronounced as S k increases or decreases. This is expected since with our proposed scheme, the UAV can fly closer to or even stays above the SNs with better channels, due to which the SNs can transmit at higher data rate reliably with less transmission time and thus save energy consumption. Note that finding the optimal solution to (P1) is difficult in general, even by discretizing the continuous trajectory variables approximately. To show the efficiency of our proposed design, we compare with a lower bound of the min-max energy θ lb , where θ lb is computed based on the ideal case that the UAV only collects data when it is on the top of each SN and its traveling time is ignored. In this case, θ lb = P k S k BR max k [m] , where R max k [m] is the maximum transmission rate for u k and R max k [m] = log 2 1 + F −1 ( )P k β 0 σ 2 H α due to (4) .
As compared to the lower bound θ lb , only a small performance gap is observed by our proposed design, which implies that our proposed solution is quite close to the optimal solution for the considered setup.
V. CONCLUSION This letter proposes a novel design for energy-efficient data collection in UAV-enabled WSNs. The SNs' wake-up schedule and UAV's trajectory are jointly optimized to minimize the maximum energy consumption of all SNs while ensuring reliable data collection in fading channels. With the successive convex optimization technique, an efficient iterative algorithm is proposed to find a sub-optimal solution. The design framework can also be extended to the multi-UAV scenario, where the UAV-sensor association and co-channel interference should be taken into account. In this case, the UAV's trajectory design needs to strike a balance between enhancing the direct link and suppressing the interference link, which is an interesting problem to be addressed in future work.
